INTRODUCTION
Glycoside hydrolases (GHs) are important biocatalysts that occur in nearly all forms of life, where they catalyze pivotal biological reactions including the hydrolytic degradation of oligo-and polysaccharides (Henrissat et al., 2008) . On the basis of their primary structure and conserved sequence motifs, they have been grouped into > 130 glycoside hydrolase families (Cantarel et al., 2009 ). However, also nonhydrolytic enzymes, such as lyases, also exist and cleave glycosidic bonds. Polysaccharide lyases (EC 4.2.2.-) cleave the O-C4' glycosidic bond by abstraction of the C5' proton, followed by introduction of an alkene functionality between the C4' and C5' atoms (Lombard et al., 2010) . In contrast, α-1,4-glucan lyases (GLases; EC 4.2.2.13) cleave the glycosidic C1-O bond by abstraction of the C2 proton and formation of the enol form of anhydrofructose ( Fig. 1) (Yu et al., 1999b) . Based on sequence similarity and the cleavage of C1-O glycosidic bonds, GLases have been grouped as special members of glycoside hydrolase family 31 (GH31), instead of as members of a separate polysaccharide lyase family (Yu et al., 1999a) . They form GH31 subgroup 2, whereas subgroup 1 contains all known α-glucosidases, including such important enzymes as human lysosomal α-glucosidase, endoplasmic reticulum glucosidase II, and the digestive enzymes maltase-glucoamylase (MGAM) and sucraseisomaltase. Subgroups 3 and 4 contain archaeal and bacterial α-xylosidases, respectively (Ernst et al., 2006) . Sequence alignment shows that GLases have 18-25% identity to the GH31 subgroup 1 α-glucosidases, and less identity to the other subgroups. This alignment further revealed the existence of several signature sequences of subgroups 1 and 2 which include the motifs WxDM and WxGDN (Yu et al., 1999a) The D in motif WxDM was shown to represent the catalytic nucleophile (Lee et al., 2002) , while the D in WxGDN functions as the acid/base catalyst (Lovering et al., 2005) . Mechanistic studies, based on kinetic isotope effects, suggested that the reaction catalyzed by GLases proceeds via two steps. In the first step a covalent GLase-substrate intermediate (the glycosylated GLase) is formed, which is similar to the first step of the double displacement reaction catalyzed by GH31 retaining glycoside hydrolases. For the second step, a syn elimination of the GLase-substrate intermediate has been proposed, yielding an unsaturated sugar, 1,5-anhydrofructose, and the free enzyme GLase. Both the first and second reaction steps are supposed to proceed via oxocarbenium ion-like transition states (Lee et al., 2002 , Lee et al., 2003 , Lee et al., 2005 . However, which residue abstracts the proton from the C2 atom of the sugar ring in the elimination reaction has remained unclear so far (Lee et al., 2005) . GLases are exo-enzymes that act from the nonreducing ends of the substrate. They degrade both malto-oligosaccharides and starch, suggesting that their active site comprises several glucosyl-binding subsites (Yu et al., 1999a , Yoshinaga et al., 1999 . Moreover, GLases and glycoside hydrolases share certain competitive inhibitors like 1-deoxynojirimycin and acarbose (Yu et al., 1999a) , with Ki values of 0.130 μM (Lee et al., 2003) and 0.002 μM (Lee et al., 2002) , respectively. 1,5-Difluoroglycosides are also inhibitors of GLase (Lee et al., 2003) . Such sugars are suitably activated at the anomeric carbon with an excellent leaving group. The C5-fluoro group increases the energy of the transition state, thus slowing down both reaction steps catalyzed by the enzyme and therefore these fluorosugars can be used to label the catalytic nucleophile (McCarter et al., 1996) . It appeared that epimers of the parent fluorosugars inverted at C5 are more effective trapping reagents for GH38 α-mannosidase (Numao et al., 2003) and GH31 α-xylosidases (Lovering et al., 2005 , Larsbrink et al., 2011 . Indeed, also for GLase, 5-fluoro-β-L-idopyranosyl fluoride (5FβIdoF) with a Ki of 28.3 ± 2.1 mM (Lee et al., 2002 , Lee et al., 2003 is more effective than 5-fluoro-α-D-glucopyranosyl fluoride (5FαGlcF),with an apparent dissociation constant Ki of 6.5 mM (Lee et al., 2003) . Here we report the x-ray structure of GLase from Gracilariopsis lemaneiformis, a lyase belonging to GH31, in its native form and in complexes with acarbose, 1-deoxynojirimycin, 5FβIdoF and 5FαGlcF. We show that the catalytic nucleophile Asp 553 functions as a nucleophile in the first step of the reaction forming the covalent enzymeglycosyl intermediate but acts as a catalytic base in the second step, abstracting a proton 62 from the C2 carbon atom of the covalently bound subsite -1 glucosyl residue. These results resolve the long time ambiguity on the nature of the proton abstracting residue (Lee et al., 2003 , Lee et al., 2005 . Site-directed mutagenesis and enzymatic characterization of the archaeal α-glucosidase homologue MalA show that subtle changes are sufficient to confer lyase activity to a hydrolase. 
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MATERIALS AND METHODS
Expression and Purification of α-1,4-Glucan Lyase
The α-1,4-glucan lyase (GLase) gene was cloned from a DNA library using genomic DNA isolated from the red seaweed Gracilariopsis lemaneiformis (Bojsen et al., 1999a) Expression cassettes were constructed and intracellular expression of the GLase gene in the yeast Hansenula polymorpha was achieved as described previously (Cook et al., 2003) . Four constructs were made representing full-length, N-terminally truncated, Cterminally truncated and both N-and C-terminally truncated glucan lyases (Fig. 2) . Purification of the recombinant glucan lyases was performed by anion exchange chromatography using Q-Sepharose FF with 20 mM Bis-Tris pH 6.7 as Buffer A, and Buffer A containing 1.0 M NaCl as Buffer B (Yu et al., 1995 , Yu et al., 1997 . Further purification was achieved by a second anion exchange chromatography step using a MonoQ column and elution with a gradient of 0.28 -0.32 M NaCl in 20 mM Bis-Tris, pH 6.7. Only the first fractions of the GLase peak from subsequent runs (with 1 mg protein per run) were pooled and concentrated to 9.7 -17.0 mg protein ml -1 . Characterization of GLase with respect to its substrate specificity, N-terminal sequencing and mass spectrometry analysis (MALDI-TOF) was as described before (Yu et al., 1995) . , and C-gene coding for both N-and C-terminal truncated lyase (224-938) . These constructs were used to transform Hansenula polymorpha by electroporation
Crystallization and X-ray data collection
GLase crystals were obtained from hanging-drop experiments with 18-21% polyethylene glycol 8000 in 100 mM sodium acetate buffer (pH 5.0-5.2) as precipitant, using drops of 3 μl protein solution (12.9 mg ml -1 in 20 mM Bis-Tris buffer, pH 6.7, 300 mM NaCl) and 3 μl of reservoir solution. Crystals grew in two different space groups (P1 and P21); both forms were used in the structure determinations (Table 1) .
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Before data collection, crystals were soaked for 15 s in a cryoprotectant solution, consisting of reservoir solution supplemented with 18% glycerol, directly followed by flash freezing. Native GLase data were collected at 100 K from a crystal belonging to space group P1 on beam line BW7A (DESY/EMBL, Hamburg, Germany). For inhibitor binding studies, crystals of space group P21 were soaked in a solution containing 15 mM acarbose (Serva Electrophoresis GmbH, Germany) or 125 mM 1-deoxynojirimycin (Sigma-Aldrich) for a few minutes. Data were collected in house at 110 K with a DIP2030H image plate detector using Cu-Kα radiation from a Bruker-AXS FR591 rotating-anode generator equipped with Franks mirrors for the acarbose dataset or with Osmic mirrors for the 1-deoxynojirimycin dataset. Intensity data were processed using DENZO and SCALEPACK (Otwinowski et al., 1997) . For the 5-fluorosugar binding studies, crystals of space group P1 were soaked in solution containing 20 mM 5FβIdoF for 30 minutes or 40 mM 5FαGlcF for 40 minutes. 5FαGlcF and 5FβIdoF were synthesized as described previously (McCarter et al., 1996) Data were collected on beam line ID14-4 (ESRF, Grenoble, France) for 5FβIdoF and on beam line ID23-2 (ESRF) for 5FαGlcF. Intensity data were processed using iMosflm (Battye et al., 2011) and scaled using SCALA from the CCP4 suite (Winn et al., 2011) for 5FβIdoF, and with XDS (Kabsch, 2010) for 5FαGlcF. A summary of data collection statistics is given in Table 1 .
Structure Determination and Refinement
The structure of native GLase was solved by molecular replacement with PHASER (McCoy et al., 2007) using a model of the MalA structure (PDB code 2G3M (Ernst et al., 2006) ) made by the FFAS server (Jaroszewski, L., Rychlewski, L., Li, Z., Li, W. & Godzik,A., 2005 ) as a search model. In an iterative procedure, the phases were improved with NCSREF (Winn et al., 2011 , Murshudov et al., 2011 and the ARP/wARP procedure (Langer et al., 2008) , combined with manual model improvement with COOT (Emsley et al., 2010) . Refinement with REFMAC5 (Murshudov et al., 2011) with TLS rigid body refinement (Painter et al., 2006) as last step, resulted in a final model comprising 4 protein molecules with 1025 residues each, 15 glycerol molecules, 9 acetate molecules, 2 chloride ions and 3766 water molecules. Further details of the refinement are listed in Table 1 . The electron density of the first 2 residues from all 4 GLase molecules is not visible. 
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The obtained structure of native GLase was used for molecular replacement with PHASER to solve the structures of GLase in complex with 1-deoxynojirimycin (GLase-DNJ), acarbose (GLase-Acr), 5FαGlcF and 5FβIdoF. In the GLase-DNJ structure one deoxynojirimycin molecule was observed in the active site of each GLase molecule in the asymmetric unit. Continuous density in Fo -Fc maps for 2 acarbose molecules/protein molecule was observed in the GLase-Acr crystal, one bound in the active site and one bound at a remote location. In the secondary substrate binding sites electron density is only visible for three of the four sugar residues; the reducing end glucose points into the solvent and is probably flexible. After rigid body refinement using REFMAC5 2Fo -Fc and Fo -Fc maps clearly showed density for 5FαGlc and 5FβIdo bound in the active sites. The inhibitor molecules were built with COOT and the structures were refined using REFMAC5. No significant conformational changes are observed between native and ligand-bound enzymes. The Cα atoms of GLase superimpose with root mean square deviations of 0.3, 0.2, 0.3 and 0.2 Å for GLase-Acr, GLase-DNJ, 5FαGlc and 5FβIdo, respectively. Analysis of the stereochemical quality of the models was done with MolProbity (Chen et al., 2010) . Figures were prepared with PyMOL (Schrödinger).
Sulfolobus solfataricus α-Glucosidase (MalA) Mutagenesis, Expression, Purification and Characterization
Wild type and mutant strains of MalA, with codon optimization for growth in Escherichia coli, were ordered from Sloning BioTechnology (Puchheim, Germany) and were inserted into the isopropyl-(β)-D-thiogalactopyranoside (IPTG)-inducible expression vector pET24a which contains a kanamycin resistance marker and a C-terminal His6 tag. For the construction of the Glu 323 mutant primers containing the mutation were introduced with the QuikChange Site-directed mutagenesis kit, using plasmid pET-24a-MalA-I213V/I249N/D251T (triple mutant) as the template. Successful mutagenesis was confirmed by nucleotide sequencing. Expression of the construct was achieved in E. coli BL21(DE3) cells grown in LB medium. All cultivation media contained 50 μg ml -1 kanamycin. At an A600 of 0.5-0.7, the cells were induced with 1.0 mM isopropyl-β-Dthiogalactopyranoside for a few hours at 180 rpm and 37 °C. SDS-PAGE was performed to investigate protein expression. The cell pellets were resuspended and washed in 50 mM Tris-HCl, pH 8.0 with 100 mM NaCl and disrupted with a French press. After centrifugation, the resultant extract was partly purified by HisTrap HP (GE Healthcare) chromatography with an imidazole gradient in 20 mM Tris, pH 7.5. Further purification was achieved by gel filtration chromatography using a Superdex 200 column with 20 mM Tris, pH 7.5, and 0.2 M NaCl. α-Glucosidase activity was analyzed as in (Ernst et al., 2006) . Glucan lyase activity was assayed with the DNS reagent (Yu et al., 1998) and with O-ethylhydroxylamine at 21 °C (Hirano et al., 2000) 67
After the reaction of enzyme with maltose, the samples were incubated with Oethylhydroxylamine/HCl at 21 °C for at least 2 h and then centrifuged at 13,000 rpm. The resulting oximes were separated on an ÄKTAmicro system (GE Healthcare) equipped with a Sephasil C18 analytical column (4 ⨯ 250 mm, 5 μm;GE Healthcare) with as mobile phase an increasing gradient of acetonitrile (0-50%) in water,pumped at a flow rate of 0.3 ml/min. Detection was performed with a UV monitor at 207 nm. Pure anhydrofructose at different concentrations was used as a positive control.
RESULTS AND DISCUSSION
Overall Structure of α-1,4-Glucan Lyase
The structure of full-length Gracilariopsis lemaneiformis GLase missing 11 residues at its N-terminus was solved by molecular replacement and refined against 2.06 Å resolution diffraction data to an R-factor of 0.168 (Rfree = 0.214) with good stereochemistry (Table  1 , Fig. 3 ). Although the P1 unit cell contains 4 molecules of 1025 residues each, in solution the protein is monomeric, as shown by native PAGE analysis (Yu et al., 1993) . 
. Domain structure of GLase shown in two different orientations. The individual domains are colored as indicated: N-terminal domain (domain N), yellow; central catalytic (β/α)8 barrel (domain A), red; subdomain B (loopAβ3→Aα3), magenta; subdomain B' (loopAβ4→Aα4), orange; proximal C-terminal (domain C), blue and the distal C-terminal domain (domain D), green. The catalytic residues are displayed as sticks in cyan and labeled as D553 and D665
Each GLase molecule contains four major structural domains, which form a very compact structure with dimensions of 93 ⨯ 65 ⨯ 49 Å (Fig. 3 ). GLase starts with the N-terminal domain (domain N, residues 12-332), and continues with the catalytic A domain (residues 333-785). The A domain has a (β/α)8-barrel fold, with two inserted subdomains, B and B'. The structure is completed with the proximal and distal C-68 terminal domains (domain C, residues 784-879, and domain D, residues 880-1038, respectively). Domains N, C, and D are rich in β-sheets. The β-sheet content of GLase (28%) agrees with circular dichroism studies (Ernst et al., 2005) . Despite the presence of 15 cysteine residues in GLase none of them forms disulfide bonds. The compactness of the GLase structure may explain its resistance to proteolytic cleavage. Only after prolonged reaction time, were proteinase K and subtilisin able to produce two fragments (Ernst et al., 2005) , with the higher molecular mass fragment starting at Ser 175 , showing that the only site susceptible to these proteases is the surface loop 173 ASSG 176 (marked orange in supplemental Fig. S1 ). The GLase structure is very similar to the structures of the eight other structurally characterized GH31 family members, with DALI Z-scores over 30, despite root mean square deviation values >2.7 Å and sequence identities below 21%. et al., 2005) ). Most of the conserved residues are located in the A-domain (supplemental Fig. S1 ), in agreement with its important substrate-binding and catalytic function.
Domain N Contains a Secondary Carbohydrate Binding Site (SBS)
The large N-terminal domain folds into a double-layered twisted 19-strand β-supersandwich (Fig. 3) . This fold belongs to the galactose-mutarotase-like superfamily and possibly functions as a carbohydrate binding domain in enzymes acting on saccharides (see the SCOP database (Murzin et al., 1995) ). The N domain contains loops that interact intimately with the catalytic domain and accommodate several invariant residues crucial for activity and active site architecture (supplemental Fig. S1 ). et al., 1999a et al., , Yu et al., 1993 , indicating that the 11 Nterminal residues were not essential for activity and expression in H. polymorpha. In contrast, no expression of variants with a larger N-terminal truncation (containing only residues 224-1038 or 224-938) was observed. Most likely no active enzyme is produced because these constructs lacked 2 of the 3 residues that stabilize the active site architecture. GLase binds to raw starch (Yu et al., 1993) , but amino acid sequence alignments with enzymes having carbohydrate binding modules (CBMs) did not reveal any similarity (Yu et al., 1999a) . The crystal structure of GLase-Acr revealed that GLase binds 2 acarbose molecules, 1 in the active site (see below) and the other to the N-terminal domain in a cleft between residues 32-37 and residues 189-191 (Fig. 4C ). This latter acarbose is bound to the enzyme with its nonreducing end valienamine and dideoxyglucose units only, but not with its maltose part. Soaking experiments with the monosaccharide analog deoxynojirimycin (GLase-DNJ) and the fluorosugars 5FβIdoF and 5FαGlcF did not reveal any binding to the N domain of GLase, suggesting that minimally a α-1,4-linked glucose disaccharide is needed for recognition and binding by the N domain. Several glycoside hydrolase families are known to have CBMs associated with a starch binding function. Domain N of GLase differs from these known CBMs in its amino acid sequence, size, and fold, and its specificity for nonreducing end glucan disaccharide moieties. Aromatic amino acid are usually essential for the function of CBMs as they provide pi stacking interactions with the sugar rings (Cuyvers et al., 2012) , but as seen in Fig. 4C , residues Phe 33 and Trp 41 in GLase bind acarbose via Van der Waals interactions. This implies that this binding site should be regarded as a SBS (Cuyvers et al., 2012) . Sequence alignments of members of the GH31 family indicate that such SBSs exist in other algal glucan lyases, and a variant form may exist in fungal glucan lyases (Yu et al., 1999a) . Although these findings suggest that domain N of GLase contains a SBS, it is not conserved in other GH31 members. A possible reason could be that such a binding site is only advantageous for proteins that act on larger substrates such as glycogen and starch granules.
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Figure 4. The active site. (A) GLase in complex with 1-deoxynojirimicyn (GLase-DNJ)(green) bound in subsite -1 with Fo-Fc omit electron density contoured at 3.0 σ. (B) GLase in complex with acarbose (GLase-Acr)(green) bound in subsites -1, +1, +2 and +3 with Fo-Fc omit electron density contoured at 3.0 σ. Further color coding of main chain and side chains are as in Fig 3. For clarity, only side-chains in panel B are shown. (C) Image of acarbose (green) bound in the putative starch-binding site at the N-terminal domain N of GLase-Acr in cpk coloured stick and transparent surface presentation.
Domains C and D
The proximal C-terminal domain consists of an eight-stranded antiparallel β-sandwich with a 310-helix and a small α-helix (αC1) inserted after the first strand. It is packed between the N, A and D domains ( Fig. 3 and supplemental Fig. S1 ). The 6-residue 310-71 helix between βC5 and βC6, absent in other GH31 enzymes, is very well stabilized between the A and D domains. The 159 C-terminal residues of GLase form domain D. Domain D is made up of a 12-stranded mostly antiparallel β-sandwich, consisting of two sheets of six strands, two α-helices after strands βD3 and βD9, and two 310-helices after strands βD1 and βD11. This domain has major interactions with domains C and A, especially via helices αD1 and αD2 (supplemental Fig. S1 ). Expression of a truncated GLase variant (1-938) missing 100 residues from the C-terminus showed activity, although 10-20-fold decreased, indicating that the 100 C-terminal residues were not essential for activity and expression in H. polymorpha. Other GH31 members contain a similar D domain (see e.g. Nakai et al., 2006) .
Domain A and the Active Site Structure
The catalytic domain A consists of a (β/α)8-barrel (TIM-barrel) with two additional helices, αA' and Aα8'. The two additional domains, B (residues 462-530) and B' (residues 556-615), are inserted after βA3 and βA4 respectively ( Fig. 2 and supplemental Fig. S1 ).
The secondary structure elements of subdomain B (a 3-stranded sheet and an α-helix) are the same as those in the other GH31 members NtMGAM, CtMGAM, Ro-αG1, SI, CjAgd and MalA, but in GLase the sheet is longer and closer to the active site. An extra loop in subdomain B (residues 490-504) interacts with the N-terminus and subdomain B'. The active site of GLase is located at the C-terminal end of the (β/α)8-barrel of domain A.
Residues from the loops following strands βA1, βA6, βA7 and βA8 shape the active site. Furthermore, loops from the N domain (243-262), the B domain (512-518), and B'-domain (559-590) make up the entrance to the active site (Fig. 2) . The catalytic nucleophile Asp 553 (Lee et al., 2002 ) is positioned at the end of strand βA4. The distance between the carboxylic acid oxygen atoms of residues Asp 553 and Asp 665 is 5.8 Å, which makes residue Asp 665 the probable acid/base catalyst. This distance is similar to that found in retaining glycoside hydrolases, which is ~5.5 Å (McCarter et al., 1994) . In the structure of native GLase, two glycerol molecules from the cryoprotectant, known to often mimic sugar substrates, are bound in the active site. 
Binding of 1-deoxynojirimycin and acarbose
1-Deoxynojirimycin, a glucose analogue with a nitrogen instead of an oxygen atom in the pyranose ring, is bound in subsite -1 via hydrogen bonds (Fig. 4A) Acarbose is bound to subsites -1 to +3 of GLase, with the valienamine residue binding to subsite -1, the 6-deoxyglucose residue to subsite +1 and the maltose subunit to subsites +2 and +3. Acarbose has a somewhat twisted conformation at the N-glycosidic bond destroying the hydrogen bond between the sugar OH2 group in subsite -1 and the sugar OH3 group in subsite +1 as shown in Fig. 4B . Interactions involving the valienamine moiety of acarbose at subsite -1 are similar to those exhibited in the complex of 1-deoxynojirimycin and GLase. The nitrogen atom bound at C1, which mimics the glucosidic oxygen atom in α-1,4 linkages, is located between the two catalytic aspartates. Residue Asp 665 -OD2 makes a hydrogen bond to the nitrogen atom, which would be an ideal orientation for protonation of a glucosidic oxygen. The binding of acarbose in subsite -1 is surprisingly similar to that of acarbose binding in NtMGAM, CtMGAM and CjAgd.
Carbohydrate Binding Subsites +1, +2 and +3
For subsite +1, residues Arg 649 , Asp 239 and Met 553 interact with the OH3 group of the 6-deoxy-glucose unit of acarbose. The OH2 group has hydrogen bonds with OD1 and OD2 of residue Asp 239 . These hydrogen bonds compensate for the loss of the hydrogen bond between the OH2 group of the valienamine moiety and OH3 of the 6-deoxyglucose unit of acarbose. Residue Asp 239 is conserved among GH31 members and always resides in the N-terminal domain. These interactions are essentially similar to those seen in the NtMGAM-acarbose complex. Mutating the equivalent residue of Asp 239 in Ro-αG1 eliminated enzymatic activity, indicating its importance (Tan et al., 2010) . In CjXyl and
CjAgd the role of Asp 239 is taken over by a Glu, present in the PA14 domain insert in the N-terminal domain of CjXyl and in the B' domain of CjAgd (supplemental Fig S1) . At the position matching the absent OH6 group of the dideoxyglucose unit enough space is available for a hydrogen bond of O6 to the backbone carbonyl of residue Tyr 513 when an α-1,4-glucan is bound. The +1 sugar ring stacks against a hydrophobic cushion formed by the side chain of residue Tyr 513 (Trp in the other GH31 family members) and residue Met 554 (Met in other members, except for Ala in CjXyl, Leu in CjAgd and Phe in YicI) (supplemental Fig. S1 ). A Trp residue at position 513 is strictly conserved in glycoside hydrolase members of family GH31 whereas in GLase it is replaced by a Tyr residue (Yu et al., 1999a) . The side chain of residue Leu241 is involved in hydrophobic interactions with the sugar rings at subsites +1, +2 and +3 (Fig. 4B) . At subsite +2, residue Gln 245 interacts with OH2 group of the glucose unit of acarbose and residue His 741 on the opposite site of the groove interacts with OH6 group. At subsite +3, there are no interactions between the substrate and GLase (Fig. 4B) . The binding of acarbose completely shields subsite -1 from the solvent. Whereas residue Thr 205 in NtMGAM and residue Gly 89 in MalA allow space for entering water molecules used in the hydrolytic reaction, in GLase residue Leu 241 blocks the entrance of water molecules (Fig. 4A ). All hydrolases from family GH31 have a small or hydrophilic amino acid at this position, whereas the lyases have a larger hydrophobic amino acid (Leu or Met). Although sucrase-isomaltase also has a leucine at this position, it is located 2.5 Å away from Leu 241 , thus creating more open +1 to +3 subsites. The α-transglucosylase, CjAgd, has also strong interactions with the acarbose, via a hydrophobic "sugar" clamp formed by 2 tyrosine residues (Larsbrink et al., 2012) . A similar clamp, made by 2 Trp residues, has also been observed in CjXyl (Larsbrink et al., 2011) . The binding of 1-deoxynojirimycin and acarbose, inhibitors of GLase, is illustrated in the second image of Scheme 1.
Substrate Specificity of GLase
Compared with the GH31 α-xylosidases YicI and CjXyl subsite -1 of GLase has more space enabling it to accommodate the hydroxymethyl group of α-1,4-glucans. Indeed, the double mutation C307I/F308D of YicI, designed to increase the space in the active site, converted the α-xylosidase into an α-glucosidase (Okuyama et al., 2006) . Furthermore, the carbohydrate-binding +2 subsite present in GLase allows the enzyme to act on longer α-1,4-glucans, in contrast to MalA, where subsite +2 is absent, and which consequently prefers the short disaccharide substrate maltose. Finally, the GH31 glucoside hydrolase Ro-αG1 prefers α-1,6-over α-1,4-linked substrates. This preference can be switched by a single W169Y mutation, which makes room for the 6-hydroxyl group of an α-1,4-linked glucose bound in subsite +1 (Tan et al., 2010) . In GLase the equivalent residue is a 74 phenylalanine (Phe 373 ), which also provides space for the 6-hydroxyl group of the +1 subsite sugar residue, in agreement with the strict preference of the enzyme for α-1,4-linked glucosides.
5FαGlcF and 5FβIdoF Bind Covalently to GLase
Soaking GLase crystals with the mechanism-based inhibitors 5FαGlcF and its C5-epimer 5FβIdoF revealed that these compounds were covalently bound via a β-glycosidic bond to Asp 553 in three of the four monomers. However, in monomer D they have reacted because no electron density was present for a covalent bond to Asp 553 and for a fluorine atom at C1 (Fig. 5) . Indeed, the product 5F-anhydrofructose (or its C5 epimer) with a planar O5-C1-C2-O2-C3 conformation could be fitted in the density present in the active site of monomer D. At the current resolution it is not possible to distinguish between the 1,2 enol and the keto forms of the product but we have modelled the keto-5F-anhydrofructose (Fig. 5 ). The covalently bound fluorosugars have similar interactions as deoxynojirimycin except for their C1 and C2 atoms. Their conformations are distorted from the normal relaxed 4 C1 conformation (with an equatorial glycosidic bond) to a 1 S3 skew boat conformation, in which the glycosidic linkage is pseudo-axial (Figs. 5 and 6). The skew boat conformation allows a closer approach of the OD1 carboxyl oxygen of Asp 553 to the C2 atom of the -1 glucose which would not be possible with the 4 C1 conformation of glucose (see third image of Scheme 1). This conformational distortion and the short distance between the carbonyl oxygen and the glucose C2 atom have important consequences for the catalytic mechanism (see below). The 5FαGlc inhibitor is bound in the same conformation as in CjAgd (PDB code 4BA0 (Larsbrink et al., 2012) ). In both structures the trapped 5FαGlc molecules are covalently linked to the OD2 of the nucleophiles. One remarkable difference in the -1 pocket is Asn 459 , making a hydrogen bond to Asp 553 , whereas in CjAgd this residue is a hydrophobic isoleucine as in all other glycosidase members of GH31.
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Catalytic Mechanism
The crystal structures of GLase with various bound inhibitors indicate that the substrates bind with their nonreducing end in subsite -1, and extend toward the +n subsites. This binding mode is in agreement with biochemical experiments indicating that GLase degrades polysaccharides from the nonreducing end (Yu et al., 1999a) . 1-Deoxynojirimycin and acarbose are known to inhibit glucan hydrolases by mimicking the oxocarbenium ion-like transition state structure (Lee et al., 2002) . In glucan lyase they may function in the same way because the first step in the reaction, the formation of a covalent enzyme-substrate intermediate, which proceeds via an oxocarbenium ion-like transition state, is the same for GH31 lyases and hydrolases (3, 5) . In GLase, this first step is catalyzed by the Asp 665 side chain, which acts as a general acid catalyst protonating the glycosidic oxygen of the scissile bond. Concomitantly, one of the carboxylate oxygen atoms of the nucleophile Asp 553 attacks the C1 carbon of the substrate's glycosyl residue bound at subsite -1, generating a covalently bound glycosyl-enzyme intermediate (Scheme 1 and Figs. 5 and 6). For the second reaction step, the deglycosylation, Lee et al. (Lee et al., 2003) have suggested an E1-like E2 concerted mechanism on the basis of kinetic isotope effect measurements. This means that, at the anomeric centre, the glycosidic C-O bond is largely broken, generating a species with a highly developed oxocarbenium ion character, thereby acidifying the C2 proton and allowing its relatively facile removal late along the reaction coordinate. As suggested by the structures with covalently bound 5FαGlcF and 5FβIdoF the carbonyl oxygen atom of the nucleophile Asp 553 is correctly positioned to abstract the proton from the sugar C2 carbon atom. Our proposed mechanism is similar to that of retaining glycosidases catalyzing the hydration of glycal substrates by syn-addition (the reverse of syn-elimination) of the C2 proton. In these enzymes the nucleophile is also assumed to participate in proton transfer (Lee et al., 2005 , Trincone et al., 2001 Arg 649 is strictly conserved in all GH31 enzymes. In GH31 hydrolase members this arginine has a salt bridge interaction with a conserved Glu at position 556 (supplemental Fig. S1 
Shift of α-glucoside hydrolase activity to lyase activity
As argued above, the nature of the amino acid residue at position 556 (Val/Thr versus Glu) is very important for the reaction and product specificity of GH31 enzymes. Support for this notion comes from kinetic studies of the GH31 α-glucosidase from Schizosaccharomyces pombe (Okuyama et al., 2001) , which showed that mutation of the residue equivalent to Val 556 of GLase (E484A) eliminated its hydrolase activity, but that the enzyme retained 5% hydration activity on D-glucal to produce 2-deoxy-D-glucose by protonation at C2 (the reverse reaction of GLase). To demonstrate the importance of the residue at position 556 for lyase activity, an E323V mutation (Val 556 in GLase) was introduced into the archaeal GH31 α-glucosidase MalA. We used a triple mutant of MalA (I213V/I249N/D251T; GLase Val 413 Asn 459 Thr 461 ), which already had greatly reduced hydrolase activity, but was unable to form anhydrofructose. The specific activity of the partially purified triple mutant was 0.012 ± 0.004 μmol/min/mg of protein, compared with 0.362 ± 0.005 μmol/min/mg of the partially purified wild type MalA. For the quadruple MalA mutant (I213V/I249N/D251T/E323V) the expressed protein formed (soluble) aggregates after HisTrap purification. By storing the protein at 22 o C and removing the imidazole, a MalA protein of about 450 kDa could be resolved by gel filtration, which is similar to the molecular mass described previously (Ernst et al., 2006) . The quadruple mutant showed detectable lyase activity at high protein concentration and after prolonged reaction time (Fig. 7) , whereas it had completely lost glucosidase activity. Thus, the E323V mutation in MalA shifts the reaction toward lyase activity demonstrating the importance of position 323 (556) for hydrolase/lyase activity, likely by modulating the conformation of the fully conserved arginine in the active site. Evolving MalA into a genuine lyase with a kcat similar to GLase will require further mutational studies. Structures of all four subgroups of GH31 (Ernst et al., 2006) have now been determined. Intriguingly, whereas the three-dimensional structures and catalytic site architectures are very similar and the essential catalytic residues are fully conserved, GLases show very different reaction specificity compared with the GH31 glucan hydrolases. Our results show that indeed the first step of the reaction, the formation of a covalent enzyme-substrate intermediate, is conserved. However, the glucosyl intermediate is not hydrolyzed like in the GH31 hydrolases, but a subtle change, a Val instead of a Glu at position 556, in the active site now promotes a lyase reaction. As a consequence the nucleophile in the lyase has acquired a dual function and can also act as a base, abstracting the proton from the C2 atom of the -1 glucose residue. Nature therefore has chosen a simple way in evolving new enzyme activities through clever changes at a localized area in the active site environment.
